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SUMMARY 

The influence of primary and secondary orientations on the elastic response of a hollow core, [001]- 
oriented nickel base single-crystal superalloy turbine blade, was investigated under combined thermal and mechani- 
cal loading conditions. Finite element technique is employed through MARC finite element code to conduct the 
analyses on a hollow core SSME turbine blade made out of PWA 480 single crystal material. Primary orientation of 
the single crystal superalloy was varied in increments of 2°, from 0 to 10°, from the [001] direction. Two secondary 
orientations (0 and 45°) were considered, with respect to the global coordinate system, as the primary orientation 
angle was varied. The stresses developed within the single crystal blade were determined for different orientations 
of the blade. The influence of angular offsets such as the single crystal's primary and secondary orientations and the 
loading conditions on the elastic stress response of the PWA 1480 hollow blade are summarized. The influence of 
the primary orientation angle, when constrained between the bounds considered, was not found to be as significant 
as the influence of the secondary orientation angle. 


INTRODUCTION 

Hot section components of spacecraft engines are exposed to severe thermal-structural loading conditions, 
especially during the start-up and shutdown portions of the engine cycle. For instance, the thermal transient during 
start-up conditions within the Space Shuttle Main Engine (SSME) could lead to a gas temperature in excess of 
3000 °C which causes high stresses and strains that affect the operating life of key components such as the turbine 
blades. These extreme conditions are generally driven by the steep thermal gradients during ignition and main stage 
operating periods. 

To improve the durability of these components and in particular the turbine blades, a new generation of 
materials have been considered. Among these materials are the single crystal (SC) superalloys. They were cited to 
be the materials of choice to develop a new generation of turbopump blades for the SSME and other advanced 
rocket engines (refs. 1 and 2). The first engine company to take the lead in considering the single crystals as a blade 
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materials was Pratt & Whitney Aircraft Company. They have selected a nickel-base single crystal superalloy, PWA 
1480, as the material to be used in the fabrication of blades for the Alternate Turbopump Development (ATD) 
program for the SSME. 

Turbine blades made out of single crystal superalloys including PWA 1480 are directionally solidified 
along the low modulus [001] crystallographic direction. It is known that this arrangement will enhance thermal 
fatigue resistance (ref. 1). The directional solidification process usually generates a secondary crystallographic 
direction, [010] that is randomly oriented with respect to fixed geometric axes in the turbine blade. However, control 
of the secondary orientation of the crystallographic direction is possible by using a seed crystal during the solidifica- 
tion process (ref. 3). Moreover, due to the anisotropic nature of the single crystal, the stress-strain response and the 
dynamic characteristics of any component made out of single crystal, such as the turbine blades, would depend on 
both the primary and the secondary orientations angles (refs. 4 and 5). Investigation by Kalluri et al. (ref. 6), and 
Abdul-Aziz et al. (ref. 7) showed that the influence of the primary orientation was not as significant as the secondary 
orientation. This was established after investigating the stresses developed in a SC PWA 1480 square plate that was 
subjected to both mechanical and thermal loads. 

The purpose of this work is to investigate the crystal orientation effects further by analyzing a structure 
with specified operating conditions such as the SSME turbine blade. The main difference between the current work 
and previous investigations (refs. 6 and 7) is that the present analyses are conducted under actual operating condi- 
tions as compared to those used in the simulated square plate investigation. The current study is intended to further 
substantiate the findings reported in references 6 and 7. 

Therefore, an elastic analysis is conducted to evaluate the structural response of a [001]-oriented, hollow- 
core, SC PWA 1480 SSME turbine blade subjected to thermal, mechanical and combined thermal and mechanical 
loads. The primary orientation [001] was varied in increments of 2° from 0 to 10° with respect to a global coordinate 
system for two sets of secondary orientation angles of 0 and 45°. These two secondary orientations were found to 
represent two extremes cases (ref. 6). 


PROBLEM DESCRIPTION 

The first stage high pressure fuel turbopump turbine blade of the SSME was selected for this study because 
of its history of early crack initiation and other durability problems. This is a hollow blade and is made of SC PWA 
1480, with the span of the blade along [001] crystallographic direction (primary orientation) and a maximum allow- 
able angular deviation of no greater than 10°. 

In this design, the hollow core extends below the platform into the shank region, see figures 1 and 2. The 
XYZ-axes shown in Figure 3 represent the global coordinate system, with the Z-axis along the span, Y-axis along 
the chord and the X-axis along the thickness of the blade. 

The SSME turbine blades are typically subjected to severe loading conditions during normal operations. 
These loads usually consist of a combination of centrifugal, steady and oscillatory forces as well as thermal loading 
due to the steep thermal gradients. The blades are generally cooled except for their airfoils which are exposed to hot 
gas flow path that produces high thermal gradients both along the span and through the thickness. The thermal 
gradient through the thickness is on the order of 875 °C/cm (ref. 8), which is much higher than the gradient along the 
span of the blade, figure 4. To-date the thermal environment conditions at the platform and shank regions are not 
well defined due to the complexity of cooling gas flow and the blade geometry. 

ANALYTICAL PROCEDURE 

Elastic stress analyses were conducted on the hollow core blade shown in figure 1 by using the MARC 
finite element code (ref. 9). The blade consists of four sections: airfoil, platform, shank and firtree. The hollow 
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airfoil has a span length of 2.2 cm and a span-to-chord width aspect ratio of approximately unity. 

It is highly cambered and the cross-section is nearly constant along the slightly twisted blade span and its 
four-lobed firtree section mates with the rotor. The firtree attachments were excluded from the analyses due to lack 
of information regarding their thermal environment. The firtree effects were simulated by boundary conditions 
applied to the shank region. 

The present blade geometry is illustrated in figure 1 . A finite element model of the hollow core blade 
was developed using the typical geometry of the SSME solid blade of the first stage high pressure fuel turbo-pump 
(ref. 10). A hollow section was introduced within the solid blade that extended beneath the platform into the shank 
region. Limited knowledge and unavailability of the hollow blade geometric dimensions led to the use of the solid 
blade geometry to generate the hollow core finite element model. The three dimensional finite element model con- 
sisting of 959 eight-node isoparametric brick elements and 1575 nodes is shown in figure 5. 

The two coordinate systems are shown in figure 3, the XYZ being the global coordinate system and the 
XcY c Z c being the crystal coordinate system. For example, the transformation for any secondary orientation is 
obtained by rotat-ing the crystal coordinate system about the Z c -axis by an angle of 0. Since the Z and Z c are both 
oriented along the [001] crystallographic direction, the angle 0 between the crystal and the global coordinate 
systems represents the orientation of secondary crystallographic direction. The matrix of direction cosines that 
relates the global coordinate system to the crystal coordinate system (fig. 3) is as follows: 
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Details regarding the implementation of the stiffness coefficient matrices in the finite element code as well as the 
method applied to derive the elastic stiffness coefficients of a single crystal in the global coordinate system are 
exclusively explained in references 6 and 7. 

A. Heat Transfer Analysis 

The thermal environment experienced by the hollow core blade is not readily available. As an approxima- 
tion to predict the blade temperature, data from the thermal environment of solid blade were used [8]. This 
approximation is deemed acceptable due to the similarities in the fluid flow conditions surrounding external 
configuration of both blades. 

In conducting the heat transfer analysis, assumptions were made to simplify the problem and at the same 
time to preserve accuracy. These assumptions were as follows: (1) the variations of the hot-gas temperature profiles 
in the radial and circumferential directions were assumed negligible, (2) the blade tip and shank base were assumed 
to be insulated, (3) the internal hollow core section was assumed insulated for the airfoil region only, and (4) steady 
state conditions were considered for the entire analysis. 

The thermal boundary conditions for the platform-shank region covered several phenomena of heat 
transfer. They were incorporated in the thermal model through MARC user's subroutine feature. The heat transfer 
phenomena experienced are: (1) conduction through the thickness, (2) convection between the blade surface and the 
flow of a mixture of hot-cold gases on the outer region as well as convection along the surface of the hollow core 
section. The conduction was implemented by estimating the thermal gradient experienced through the thickness 
using the experimental data (ref. 8) and by using the gas temperature and film coefficients from reference 10. This 
covered the entire outer region of the blade including the platform and the shank areas. The gas temperature during 
steady state conditions was estimated to be about 785 °C near the airfoil, 679 C near the platform and 479 C near 
the shank section (ref. 11). 
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B. Stress Analysis 


The thermal-structural elastic finite element analysis was initiated after a completed thermal analysis 
including a well defined temperature. The variation of the stiffness matrix for various primary orientations 
(\|f = 0° to 10° in increments of 2°) and for the selected secondary orientations (0 = 0° and 45°) were all incorporated 
in the MARC finite element calculations. The analyses included accounting for temperature dependencies of all the 
physical properties used. Temperature dependent material properties required to describe the elastic behavior of a 
cubic single crystal such as the SC PWA 1480 within the crystallographic coordinate system were obtained from 
reference 6. 

The stress analysis model consisted of 1575 nodes and 4667 unsuppressed degrees of freedom. Boundary 
conditions were applied by constraining all the nodes at the base of the shank to lie on a disk plane. Additional 
boundary conditions were imposed to prevent rigid body motion in the plane. Figure 2 shows the physical shape of 
the blade including all the attachments where the actual contact with the disk rotor is activated. 

In addition to the thermal effects, the mechanical load considered in the analysis included the gas pressures 
and the centrifugal forces produced by the blade rotational speed (37 000 rpm) during steady state conditions. These 
data were supplied into the MARC code and analyses were conducted for the combined thermal and mechanical 
loads. 


RESULTS AND DISCUSSION 

The influence of both the primary and secondary orientation angles on the elastic response of a hollow 
core SC PWA 1480 blade under thermal and mechanical loading conditions are presented. 

Contour plots of the temperature and stress fields of the blade are shown in figures 6 to 8. The airfoil 
temperatures are nearly independent of the conditions below the platform. However, the contour plot exhibits some 
variation in temperature across the span at the surface and the airfoil leading edge endures the highest temperature 
compared with the rest of the blade. The platform-shank junction shows a wide range of temperature variations, 
however, lack of knowledge of the thermal environment below the platform limits evaluation of this potential low- 
cycle fatigue driver. Further more having a coarse finite element mesh (i.e. only one element through the thickness) 
limited the evaluation of the effect of the through thickness thermal gradient on the stress response. 

Figures 7 and 8 show the contour plots for the stress distributions on the blade. These contour plots were 
generated at steady state conditions and under combined effects of both thermal and mechanical loads. The stresses 
along the Z-axis or the [001] orientation are shown in figure 7 for both sides of the blade, (i.e. pressure and suction). 
The suction side of the blade experiences a nonuniform stress distribution with an apparent stress gradient at the 
junction of airfoil/platform region and a sizable stress concentration at the center of the shank near the base. This is 
an indication of the effects of the combined thermal and mechanical loads. The stress distribution on the pressure 
side is relatively uniform with the exception of some critical hot areas due to the temperature gradient at the airfoil- 
platform junction region. Figure 8 represents the distribution of the Von Mises stress on the suction side of the 
blade. The Von Mises stresses are highest at the center of the shank near the base and at the center of the airfoil near 
the platform. While the stress concentration at the airfoil is mainly due to thermal load effects the stress concentra- 
tion at the shank is primary due to the centrifugal load caused by the high rotational speed and mechanical 
constraints. 

The evaluation of the results led to the selection of four critical locations where failure initiation might 
occurs due to the presence of high stresses. Figure 5, shows these critical locations and they are labeled as elements 
305 (at the airfoil base near the leading edge), 430 (shank leading edge below the platform), 444 (shank trailing edge 
below the platform) and 615 (shank base at center section). In addition to the analyses, hardware evidence showed 
that these locations on the blade experienced cracking and other durability problems (ref. 12). 
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The effects of the primary and secondary orientations on the stress responses of the critical locations are 
summarized in figures 9 to 12. Figures 9(a) and (b) show variations in the stress components under combined 
thermal and mechanical loading conditions for secondary orientation 0 = 0° and 0 = 45° as the primary orientation, v|/ 
changed from 0 to 10° for element 305. As expected, the secondary orientation of 45° showed higher stresses. 
However, for this particular element the difference between the 0 and 45° is small. While for elements 430 and 444, 
(figs. 10 and 1 1), the effect of secondary orientation is significant. These locations are below the platform at the 
shank leading and trailing edges near the extended hollow cavity. The reason for these notable effects are due to the 
severe combined effects of the thermal gradient and the centrifugal load. The heat transfer through the cavity wall 
due to the hot gas on the inside versus the cold hydrogen flowing on the outside is the primary cause for this thermal 
gradient. 

The influence of crystal orientation in the presence of complex loading situations is shown in the stresses of 
elements 430 and 444. For element 430, while G yy increased by 24 percent and increased by 18 percent as the 
secondary orientation changed from 0° to 45°, variations in the stress components due to changes in the primary 
orientation are small. Similarly for element 444, a 33 percent increase is noted for G yy and about 20 percent is 
reported for o xx . In general, the shear stress components also exhibited small variations with the change in primary 
orientation. Figures 12(a) and (b) for element 615 show the variation of the stress components for mainly the 
mechanical loading. The stress levels as the secondary orientation varied from 0 to 45° have showed some differ- 
ences. However, the maximum change in the stress levels for all components, is about 6 percent. For elements 
430 and 444, the stresses have differed greatly because of the operating conditions in those regions. This leads to the 
conclusion that the effect of crystal orientation on the stresses generated under predominantly mechanical loading is 
minimal while under combined thermal and mechanical loading it is substantial. Finally, it must be noted, that the 
present analysis is only an elastic stress analysis, which limits the applicability of these findings. 


CONCLUSIONS 

An elastic finite element analysis under combined thermal and mechanical loading conditions was 
performed to determine the influence of the primary crystal orientation angle, for two different secondary orientation 
angles 0° and 45°, on [001] -oriented nickel-base single crystal superalloy (PWA 1480), hollow-core Space Shuttle 
Main Engine Turbine Blade. The primary orientation was varied from 0 to 10° in increments of 2° and the stresses 
developed within the turbine blade were computed. The following conclusions were drawn: 

1. The results showed that the influence of the secondary orientation on the elastic stress response is very 
substantial. Highest stresses were developed at 45° secondary orientation. 

2. The influence of the primary orientation angle, when constrained between 0 and 10 , on the elastic 
stresses generated within the turbine blade is much lower than the influence of the secondary orientation angle, 
which is not usually controlled. 

3. This investigation on an SSME turbine blade has confirmed previous findings obtained from the analysis 
of a square plate. 

4. This work is expected to offer an excellent base line for further studies on crystal orientation effects 
under inelastic conditions for advanced propulsion system components. 
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Figure 1 . — High pressure fuel turbopump's first stage hollow core blade geometry 
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Figure 3. — Schematics of the hollow-core turbine blade and an element in the blade. 


8 



Figure 4.— Temperature profile through the blade's plarform-shank region [8]. 



Figure 5. — Finite element modei of the hollow-core blade. 
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Figure 6. — Steady state temperature distribution. 
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Figure 7. — Stresses along the Z-direction for secondary orientation of 45° under combined loading conditions. 
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Figure 8. — Von mises stresses for secondary orientation of 45° under combined loading conditions. 
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Figure 9. — (a) Influence of secondary orientation, 0°, and primary orientations under combined thermal 
and mechanical loads for element 305. (b) Influence of secondary orientation, 45°, and primary 
orientations under combined thermal and mechanical loads for element 305. 
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Figure 10. — (a) Influence of secondary orientation, 0°, and primary orientations under combined 
thermal and mechanical loads for element 430. (b) Influence of secondary orientation, 45°, and 
primary orientations under combined thermal and mechanical loads for element 430. 
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Figure 11.— (a) Influence of secondary orientation, 0°, and primary orientations under combined 
thermal and mechanical loads for element 444. (b) Influence of secondary orientation, 45°, and 
primary orientations under combined thermal and mechanical loads for element 444. 
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Figure 12. — (a) Influence of secondary orientation, 0°, and primary orientations under combined 
thermal and mechanical loads for element 615. (b) Influence of secondary orientation, 45°, and 
primary orientations under combined thermal and mechanical loads for element 615. 
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